The microstructure of type I collagen, consisting of alternating gap and overlap regions with a characteristic D period of ∼67 nm, enables multifunctionalities of collagen fibrils in different tissues. Implementing near-surface dynamic and static nanoindentation techniques with atomic force microscope, we reveal mechanical heterogeneity along the axial direction of a single isolated collagen fibril from tendon and show that, within the D period, the gap and overlap regions have significantly different elastic and energy dissipation properties, correlating the significantly different molecular structures in these two regions. We further show that such subfibrillar heterogeneity holds in collagen fibrils inside bone and might be intrinsically related to the excellent energy dissipation performance of bone.
Introduction
Type I collagen, as a structural protein, is the most abundant protein in mammals. Collagen fibrils, through formation of biocomposites and modification of hierarchical structures, provide mechanical stability, toughness, and strength in tissues with different mechanical requirements, such as bone, tendon, dentin, skin, and cornea. 1 The diameter of a single collagen fibril varies based on the specific tissues and could be from several tens of nanometers to micrometer range. 2 It is composed of collagen molecules with ∼1.5 nm diameter and ∼300 nm length staggered along the axial direction of the fibril and stabilized by electrostatic and hydrophobic interactions and covalent cross-links. [2] [3] [4] [5] [6] [7] Each molecule is displaced in the axial direction by D ∼ 67 nm with respect to the adjacent molecules. Such a so-called "quarter staggered" structure creates periodic gap (∼0.6D) and overlap (∼0.4D) regions where the gap region has 20% less packing density than the overlap region (Figure 1a,b) . The ability of collagen fibrils to adopt different mechanical properties in different tissues is partly attributed to the different properties of the gap and overlap regions. It is believed that stiff mineral nanocrystals in bone are nucleated specifically in the gap regions. 8, 9 Cell membrane integrins (R2, 1 integrins) attach specifically onto the more flexible regions in the collagen fibril in extracellular matrix, providing the structural basis for mechanochemical transduction. 10 Most proteoglycans have a pronounced preference to bind noncovalently but specifically to the gap regions and link fibrils together into an in-registry parallel order in tissues such as tendon. [11] [12] [13] Such observations bring about the importance of revealing the different mechanics and chemistry of the gap and overlap regions in collagen fibrils. Previous mechanical studies, such as indentation and bending using atomic force microscopy (AFM) [14] [15] [16] [17] [18] and tensile testing using MEMS (microelectromechanical systems) 19 and AFM, 20 however, have mostly aimed only at providing bulk mechanical properties of collagen fibril and have not directly resolved the mechanical heterogeneity in the gap-overlap regions. Heterogeneity in mineralized collagen fibrils and the effect of demineralization have been investigated only recently, using static nanoindentation. 21 Alternatively, X-ray scattering studies of collagen fibrils in their natural state or under tensile deformation have revealed the structure of the gap-overlap regions with ever increasing detail, and provided valuable insight into understanding the deformation mechanism of collagen fibrils, 7, [22] [23] [24] but the quantitative and direct experimental validation of the correlation between the structural and mechanical heterogeneities in collagen fibril has not been fully established.
In this letter, we report the quantitative evaluation of the nanomechanical heterogeneity in the gap and overlap regions of individual type I collagen fibrils with both static and dynamic AFM nanoindentation. Both the continuous mapping with dynamic nanoindentation and the collective sampling with static nanoindentation clearly resolved the significant difference in elastic and energy dissipation properties of the gap and the overlap regions within the D period of collagen fibril and, thus, the significant mechanical heterogeneity in collagen fibrils.
Materials and Methods
Sample Preparation. Type I collagen fibrils prepared from bovine Achilles tendon (Sigma-Aldrich) were used. About 10 mg of the extract was mixed with ∼20 mL of 0.01 M sulfuric acid and was stored overnight in refrigerator at below 4°C. The dispersion was shred by a blender for ∼10 min at 0°C to produce individual collagen fibrils. 20, 25 Different solution concentration was made by adding phosphate buffer saline (PBS). A Si chip cleaned by ethanol and deionized water was dipped into the final solution to collect collagen fibrils on its surface. The Si surface was then rinsed with deionized water several times to wash out the loosely attached collagen fibrils and precipitated salt crystals from the PBS solution. The substrate was then allowed to dry at room temperature. In addition, thin cortical bone samples dissected from animal subjects were prepared for AFM study. The bone samples were first polished by fine sand papers, then partially demineralized by dipping in a diluted phosphoric acid to expose the surface collagen fibrils, and washed several times with PBS buffer.
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AFM Characterization. A Dimension 3100 AFM (Veeco Instruments Inc.) equipped with a signal access module, a function generator (Stanford Research System DS 340), a lock-in amplifier (Signal Recovery model 5210), and a data acquisition system (National Instruments) was used for the measurement. Silicon AFM probes (MikroMasch, Inc.) with resonance frequency of ∼75 kHz were used throughout the study. Spring constant of the cantilevers was determined to be ∼4.1 N/m with a thermal noise method. 27 The radius of curvature of the AFM tip was determined to be ∼27 ( 4 nm from imaging a tip calibration sample consisting of ultrasharp spikes (Aurora NanoDevices, Inc.). 29, 30 The reverse imaging by the sharp spikes provides a direct topographic mapping of the very end of the AFM tip and from which the shape of the tip end and the tip radius of curvature are obtained. All nanoindentation measurements were carried out in a controlled humidity of under 12% at room temperature by enclosing the AFM scanning system inside a sealed environment regulated with the flow of dry nitrogen gas.
Collagen fibrils were imaged first with the tapping mode AFM to examine the overall quality of their characteristic banding pattern or any structural damages originally existed or induced during the shredding process. After identifying a candidate collagen fibril with high quality along its entire length, the AFM was switched to contact mode to carry out the static and dynamic nanoindentation experiments. No proteoglycan or other protein contents were noticed in our AFM imaging.
Dynamic Nanoindentation with AFM. The dynamic nanoindentation with AFM, 28 similar in principle to the classic dynamic mechanical analysis method for measuring viscoelastic properties of materials, 31 extracts both the elastic and the viscoelastic properties of materials with nanoscale spatial resolution. Here, a small harmonic signal (the drive signal) at a low frequency (<1 kHz) is externally applied onto the z piezo-element in AFM operated in normal contact imaging mode (Z ) Z 0 + Z 1 sin (ω t); Figure 1c ). While the AFM tip is always engaged and a constant force is applied onto the sample surface in the normal contact mode, the drive signal modulates the base movement of the AFM cantilever (so the drive amplitude), and thus modulates the force applied onto the sample surface from the AFM probe. The resulting modulation of the AFM cantilever deflection (d
contains both the elastic deformation information (in the deflection amplitude of the AFM cantilever, d 1 ) and the viscoelastic information (in the phase difference between the oscillation of the AFM cantilever and the drive signal, φ) of the sample. [32] [33] [34] The deflection amplitude and the phase shift were demodulated in real time from the deflection signal with a lock-in technique. The deflection amplitude and the phase shift images were constructed and displayed simultaneously with the contact mode topography image of the studied surface by feeding the demodulated signals back into the AFM system through the available input channels.
A deflection amplitude image reveals variation in elastic property across sample surface. Considering a collagen fibril as an elastic rod with different stiffness in the gap and overlap regions, softer regions in the fibril deform more under the same indentation force from the AFM tip, which in turn means that the deflection amplitude of the AFM cantilever is less under the same drive amplitude. Similarly, a phase shift image shows the difference in viscoelastic property across sample surface. [32] [33] [34] Sample regions with larger mechanical damping induce larger phase shift due to the nonlinear viscoelastic behavior in such regions. In our measurement, the drive amplitude and the spring constant of the AFM cantilever were selected to limit the indentation depth to below 2 nm for preventing unintended damage to the fibril surface, and to probe the near surface mechanical properties. The time constant of the lock-in amplifier was set to 10 ms to avoid the signal crosscoupling between the neighboring pixels during the image data acquisition at a scan rate of 0.1 Hz and at a resolution of 256 pixel/ line.
Static Nanoindentation with AFM. In static nanoindentation, the AFM tip is positioned on the sample surface and is displaced against the surface, and a nanoindentation curve recording the cantilever deflection (i.e., the indentation force) and tip displacement is acquired. A reference nanoindentation curve is first acquired from a rigid sample (thus assuming not deformable under the tested load) with the AFM probe. For acquiring the indentation curve from a collagen fibril, the AFM tip is engaged on the symmetric surface top of the collagen fibril before the indentation process. In this case, the deformable collagen and the AFM probe act as two springs in series. The net indentation deformation of the collagen is obtained by subtracting the acquired indentation curve from the collagen fibril with the reference nanoindentation curve. In this manner, the force-deformation curve for indentation of collagen fibrils is obtained. We note that in most commercial AFM systems, the probe cantilever makes an angle of ∼10°w ith the horizon plane and the applied force is nonvertical. The AFMbased nanoindentation method is thus not suitable for quantitative studies involving large indentation deformation. In this study, we limited the maximum indentation below 3 nm and kept the deformation within the elastic regime.
The force-deformation curve is then analyzed using the classical Hertzian contact theory. Hertzian contact theory describes contact of two elastic bodies with corresponding principal radii of curvature at the point of the contact. 35 For a spherical body, two principal radii are the same (R sphere ) and for a cylindrical body, one radius of curvature is the radius of the cylinder (R cylinder ) and the other is infinity.
AFM probe is modeled as a spherical indenter having a radius of curvature R tip , as previously calibrated. The collagen fibril is modeled as a cylindrical elastic material with its axis parallel to the indentation plane, and its radius R collagen measured from the AFM topography imaging. The indentation deformation δ under an indentation force F is
where A and B are constant:
, E* is the reduced modulus of the sphere and cylinder combination, 1 / E 
Results and Discussion
Dynamic Nanoindentation of Isolated Collagen Fibrils of Tendon. Figure 1a shows the tapping mode topography of a single isolated collagen fibril with a diameter of ∼85 nm on Si substrate. The ∼67 nm characteristic banding pattern of gapoverlap regions is apparent in the image. Figure 2 shows the corresponding deflection amplitude and phase shift images acquired from a single collagen fibril rendered in grayscale. In the deflection amplitude image (Figure 2a) , the Si surface around the collagen fibril showed, as expected, uniform bright contrast, indicating little indentation deformation, while the collagen fibril was overall in low level gray, with the gap and overlap regions showing different gray levels, meaning reduced deflection amplitude and different elastic deformation in these regions. A line scan obtained from Figure 2a , as shown in Figure 2c , showed more clearly this variation in elastic deformation with the overlap region having larger deflection amplitude and thus being stiffer than the gap region. Similarly, there existed a clear difference in the degree of phase shift in the gap and overlap regions as seen in Figure 2b and in the plot (Figure 2c) , suggesting different mechanical damping responses in these regions. (In the phase shift image, lighter gray represents a smaller phase shift.) In average, the overlap region had a larger phase shift (∼0.03 rad more) than the gap region, indicating more mechanical damping. The specific identification of the gap and overlap regions in the deflection and phase shift images was made by comparing the images with the topography image acquired simultaneously in the experiment.
Static Nanoindentation of Isolated Collagen Fibrils of Tendon. To further quantify the mechanical heterogeneity in collagen fibrils, we carried out static nanoindentation measurements at different surface locations along a center line parallel to the long axis of collagen fibrils (an example is shown in the inset in Figure 3 ). We found that with small forces (<∼100 nN) no indentation mark is left on the collagen fibril, which made locating the exact position of the indentation, whether on gap or on overlap region, difficult. To be able to locate the exact indentation spot, we have applied larger forces. However, for extracting the elastic information, we analyze only the initial portion of the force-indentation curve (<30 nN in indentation force and <5% of the fibril diameter in indentation depth). In this indentation range, we found the mechanical deformation in the collagen fibrils being elastic. The exact points of indentation were identified from the residual indentation marks and were categorized into three regions: the overlap region, the gap region, and the boundary region between the gap and overlap regions. The force-indentation curves were then accordingly grouped. The gray areas in Figure 3 show the corresponding envelopes of the force-indentation curves from the 13 measurements on the different overlap regions and the 15 measurements on the different gap regions, respectively. The difference in elastic response in these two regions is evident. To gain a quantitative estimate of this difference, we approximately fitted the response envelops based on the Hertzian contact model with the sample elastic modulus as the only fitting parameter. The fitted curves (the dark lines within the gray areas in Figure 3 ) provided an elastic modulus of ∼2.2 GPa for the overlap region and ∼1.2 GPa for the gap region. It is noted that, based on the contact theory, the diameter difference between the overlap and gap regions in the collagen fibril (only about 2-4 nm measured from the acquired AFM topography images) accounts for less than 1% of the measured difference in elasticity between these regions. This static nanoindentation result is in agreement with the result from the previous dynamic To elucidate the measured difference in elasticity and mechanical damping between the gap and overlap regions, we consider the structural arrangement of collagen molecules within a collagen fibril. A microfibril (∼4 nm in diameter) consisting of five quarter-staggered collagen molecules is considered to be the building block of a collagen fibril. 23, 36, 37 At an ∼30 nN indentation force, which is the maximum force in the analysis of the experimental result in our study, the maximum contact area is an ellipse of ∼10 × 20 nm 2 estimated from the Hertizan contact model, which overlays several microfibrils. Therefore, considering the structural organization of a microfibril is relevant to the interpretation of our experimental data. At the outset, a 20% difference in elasticity is expected due to less packing density by missing one molecule per microfibril in the gap region compared to the overlap region. The packing density alone, however, cannot explain the significant difference in elasticity (∼100%) in the gap-overlap regions revealed in our experiment.
Based on the newly resolved X-ray structure of collagen microfibril, it is suggested that collagen molecules are parallel and tightly packed in the overlap region, but form a rather randomly kinked network in the gap region, 7, 23 as schematically depicted in Figure 4 . As such, each molecule must have several kinked regions. 24 It has also been suggested that such kinks might occur in the gap region of the collagen fibril due to reduced packing density and also lower levels of proline and hydroxyproline. 22 Furthermore, it has been suggested that regions devoid of proline and hydroxyproline are the more flexible regions of the collagen chain, and are predicted to form folds in the collagen molecule that can unfold when stretched. [38] [39] [40] [41] The low packing density and the existence of kinks make the gap region understandably softer and more deformable when compared to the overlap region, while in the overlap region the rigid covalent cross-links at two ends of the overlap region 2, 3 make the region additionally stiffer. The ∼2-fold difference in elastic modulus within the collagen fibril of tendon, however, is still quite significant considering the lack of any previous direct measurements or modeling data. It strongly implies that the existence of various structural folds might be a major factor in determining the overall mechanical stiffness of the gap region.
Due to the finite size of the AFM tip and the expected load transfer through the peptide backbone during the nanoindentation measurement, we could well overestimate the modulus for the softer (gap) region and underestimate the stiffer (overlap) region. The exact difference in mechanical stiffness between the gap and the overlap regions might be larger and the obtained 2-fold difference in relative stiffness is an underestimation.
Another rather interesting result from the study is the observation of higher energy dissipation (or mechanical damping) in the overlap region compared to the gap region, as obtained from dynamic nanoindentation. The result bears two meanings. On the one hand, it means that the gap region, though soft and with kinks, is overall an integral structure responsive elastically to mechanical deformation through its structural network as a whole. On the other hand, there exist certain energy dissipation mechanisms unique to the overlap region that play dominant roles in dynamic deformation. One such mechanism may involve the sliding and friction between collagen molecules. As discussed in other studies, even though the collagen molecules in the overlap region are well aligned and closely packed, they are mostly bonded together by weak electrostatic or hydrophobic interactions except several covalent cross-links near the ends of the overlap region. [5] [6] [7] The weak interaction between the close-packed molecules may facilitate breaking and reformation of such weak bonds under oscillatory mechanical deformation in our experiment, allowing augmented energy dissipation in the form of sliding and friction between the molecules.
The deformation and energy dissipation mechanisms revealed in our study is in agreement with what has been postulated for collagen fibrils from previous tensile deformation studies of tendon. Such studies have suggested that three deformation modes may have been involved in a collagen fibril under tension, namely, molecular elongation through direct stretch of the molecules, increase of the length of the gap regions, and the relative sliding between adjacent molecules. [42] [43] [44] Experiments have indeed found that only 10% of the applied macroscopic strain on tendon causes direct stretching of collagen molecules and the rest 90% of the strain is accommodated by fibrillar and molecular slippage. 38, 42 More specifically, it has been suggested that the heel region in the stress-strain curve acquired from the synchrotron X-ray diffraction based tensile test of tendon tissue may be due to the straightening of molecular kinks in the gap regions. 22, 24 Containing alternating soft and stiff regions gives collagen fibrils enormous flexibility in adapting themselves to different requirements in mechanical strength and toughness in different tissues. The structure resembles spring-dashpot pairs in series with different spring constants and dashpot coefficients. Under ordinary mechanical load, the gap region would mostly accommodate the deformation through the extension and retraction of the kinks, hence, would translate little to the direct stretching of collagen molecules. Such hierarchy and heterogeneity mediate passing of smaller fractions of mechanical strain to lower levels, and hence increase the durability of the impacted tissue. For example, one of the major functions of tendon is to transmit and store energy produced by muscle, which would require the reversible stretching of collagen fibrils with sufficient mechanical durability.
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Subfibrillar Mechanical Heterogeneity of Collagen Fibrils in Bone. Another implication of this hierarchical and heterogeneous structure in collagen fibril can be seen in bone mineralization. It is reported that stiff apatite crystals (∼100 GPa) tend to deposit in the gap region 8, 9 to increase its stiffness, which in turn increases the overall stiffness of the collagen fibril without sacrificing the toughness regulated by the energy dissipation mechanisms. 46, 47 It has been further proposed that nanoscale heterogeneity promotes energy dissipation in bone. 48 We have performed a dynamic nanoindentation mapping on a thin cortical bone surface partially demineralized to reveal the surface collagen fibrils according to the reported procedure. 26, 49 Surface maps revealing the elastic stiffness difference and the mechanical damping difference across the bone surface were obtained as shown in Figure 5 , including the difference within even individual collagen fibrils. A similar map has been obtained on a dentin sample with the use of nanoindenter, although in that study individual collagen fibrils were not resolved. 50 As shown in Figure 5b ,c and more clearly in Figure 5d , the mechanical heterogeneity revealed previously within isolated single collagen fibrils of tendon persisted for the fibrils in bone. This indicates that the lowest level of hierarchy in terms of mechanical heterogeneity in bone and tendon might be the subfibrillar structure in each single collagen fibril. We are currently performing a more quantitative mechanical analysis of bone samples with different degrees of mineralization. It is hypothesized that the coexistence of hard mineral nanocrystals and subfibrillar mechanical heterogeneity of collagen would extend the mechanical hierarchy in bone right down to the nanoscale. 51 In this study, air-dried collagen fibrils and bone samples were used to avoid the complications that may arise due to the presence of water. It has been shown, as expected, that upon drying the elastic modulus of the collagen fibrils increases.
14 Therefore, the value of elastic modulus reported here is not indicative of that of collagen in vivo. However, the mechanical heterogeneity observed in such dry samples is intrinsic to the structural organization of the collagen fibrils and is expected to mostly remain even in samples at physiological conditions. Different structural models are also proposed for collagen fibrils including the core-shell model where a collagen fibril is considered to be consisted of a softer core and a harder shell. However, we have only analyzed the small indentation properties of the collagen fibrils, and hence, our results are restricted to represent only the near-surface properties of such fibrils.
Conclusion
By its structural organization, with aligned molecules in the axial direction, a type I collagen is generally understood to be an anisotropic material. Using near surface static and dynamic nanoindentation measurements with AFM, we revealed that a collagen fibril isolated from a bovine Achilles tendon was, in addition, heterogeneous along its axial direction in terms of its mechanical properties (elastic and mechanical damping properties) as a result of the periodic variation of the gap and overlap regions. We further revealed that such subfibrillar mechanical heterogeneity was maintained within the collagen fibrils exposed on a cortical bone sample surface. More specifically, we found that within a collagen fibril from the tendon the overlap region was elastically stiffer (almost ∼100% stiffer) than the gap region, while in the meantime showed higher mechanical damping than the gap region. We reasoned that such mechanical heterogeneity was originated from the uniquely different molecular arrangement in the gap and overlap regions in a collagen fibril and might be responsible for facilitating its multifunctional role in extracellular matrix as well as promoting energy dissipation and toughness in bone. Understanding more detailed mechanical properties of this highly important protein is expected to help in designing better biofunctional scaffolds and finding better treatment of related diseases in the future.
